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We propose a novel type of composite light-matter interferometer based on a supersolid-like
phase of a driven Bose-Einstein condensate coupled to a pair of degenerate counterpropagating
electromagnetic modes of an optical ring cavity. The supersolid-like condensate under the influence
of the gravity drags the cavity optical potential with itself, thereby changing the relative phase of
the two cavity electromagnetic fields. Monitoring the phase evolution of the cavity output fields
thus allows for a nondestructive measurement of the gravitational acceleration. We show that the
sensitivity of the proposed gravimeter exhibits Heisenberg-like scaling with respect to the atom
number. As the relative phase of the cavity fields is insensitive to photon losses, the gravimeter is
robust against these deleterious effects. For state-of-the-art experimental parameters, the relative
sensitivity ∆g/g of such a gravimeter could be of the order of 10−10–10−8 for a condensate of a half
a million atoms and interrogation time of the order of a few seconds.
Introduction.—Precision measurement plays a vital
role in fundamental sciences as well as technological ap-
plications. Notably, at the beginning of the twentieth
century discrepancies between precise measurements and
theory led to the birth of quantum mechanics [1]. In-
terestingly, quantum mechanics itself in turn opened an
entirely new avenue in precision measurement. One of its
most flourishing branches is quantum metrology, which
exploits the quantum-mechanical framework to perform
even more precise measurements than it is allowed by
classical approaches [2, 3]. Remarkable examples include
the development of precise “gravimeters” based on quan-
tum mechanical effects.
A gravimeter is an apparatus that measures the lo-
cal gravitational acceleration. It allows to measure, e.g.,
magma build-up before volcanic eruptions, hidden hy-
drocarbon reserves, and Earth’s tides [4]. In addition, it
also allows to test more fundamental aspects of physics
such as local Lorentz invariance [5], the isotropy of post-
Newtonian gravity [6], and quantum gravity [7]. The
current generation of gravimeters include: microelec-
tromechanical gravimeters [4], free-fall gravimeters [8–
12], spring-based gravimeters [13, 14], superconducting
gravimeters [15], optomechanical gravimeters [16, 17],
and atom interferometers [18–23].
In the above list, the atom interferometry deserves a
special position because of the possibility of harnessing
quantum features of many-body systems [24]. In prin-
ciple, by using entangled resources, it is possible to in-
crease the precision of measurement over the shot-noise
limit [25]. However, noise and decoherence limit the cre-
ation and use of quantum correlations [26, 27], especially
for large samples. Hence, sub-shot-noise interferometry
is currently restricted to proof-of-principle experiments
with atoms [28–34] as well as photons [35–39].
In this Letter, we propose a novel type of gravime-
ter based on a supersolid-like state of a Bose-Einstein
condensate (BEC) in an optical ring resonator [40]. Su-
persolid is an exotic state of matter which simultane-
ously exhibits seemingly irreconcilable superfluid (i.e.,
long-range off-diagonal) and crystalline (i.e., diagonal)
orders [41]. In other words, a supersolid is a state of mat-
ter with spontaneously broken continuous spatial transi-
tional symmetry and internal gauge invariance. Na¨ıvely
speaking, it can be envisaged as a solid capable of a dis-
sipationless flow. This elusive state of matter has been
very recently realized in a spin-orbit-coupled BEC [42]
and a self-organized BEC inside two crossed linear cavi-
ties [43].
Our scheme consists of a laser-driven BEC coupled to
two dynamic counterpropagating electromagnetic modes
FIG. 1. A schematic representation of the system. The cavity
is tilted with respect to the horizontal direction by an angle θ.
The relative phase φ of the two counterpropagating cavity
modes aˆ± is measured in the cavity output to monitor the
motion of the BEC along the cavity axis, described by ψˆ(x, t).
The transverse pump laser is indicated by η0.
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2of a ring cavity [40], where the BEC also feels the gravita-
tional (or any other type of) linear potential as depicted
in Fig. 1. In the absence of the gravitational potential
and above a critical pump strength, the steady state of
the system is a superradiant supersolid state. More pre-
cisely, the quantum state of the system comprises a su-
perposition of electromagnetic fields with equal ampli-
tudes and various phases correlated with corresponding
atomic density patterns. Due to quantum jumps induced
by cavity photon losses [44–46], this highly entangled
atom-field state collapses subsequently into a state with
a certain random relative field phase and the correspond-
ing atomic density pattern, spontaneously breaking the
continuous U(1) symmetry of the system and resulting in
a supersolid state [47]. The corresponding gapless Gold-
stone mode is the frictionless center-of-mass motion of
the BEC, which drags the cavity optical lattice with it-
self and hence changes the relative phase of the two elec-
tromagnetic fields of the cavity modes [for brevity, here-
inafter referred to as just cavity (field) modes]. There-
fore, this composite atom-field dynamic can be monitored
non-destructively in real time via the relative phase of the
two field modes in the cavity output [48–50]. That said,
the deleterious aspect of photon losses does not impair
the supersolid phase as photon dissipations do not af-
fect the relative phase of the two cavity modes and the
continuous U(1) symmetry of the system [40].
The gravitational potential breaks explicitly the con-
tinuous U(1) symmetry of the system and destroys the
supersolidity. As a consequence, the BEC also experi-
ences a friction force due to photon losses. Nonetheless,
the BEC still perfectly drags the cavity optical potential
with itself as it moves due to the gravitational and fric-
tion forces, exhibiting a “supersolid-like” behavior—a di-
rect consequence of ring geometry of the cavity. There-
fore, the gravitational acceleration can be measured non-
destructively in real time via the relative phase of the cav-
ity output fields as shown in Fig. 2. Due to the superra-
diant nature of the intra-cavity fields, their intensities are
proportional to N2, where N is the number of atoms in
the BEC. Therefore, one achieves Heisenberg-like scaling
of the sensitivity by measuring the cavity fields, destruc-
tively or nondestructively, as we will demonstrate. Con-
sidering state-of-the-art experimental parameters [48–
59], we obtain a relative sensitivity for measuring the
gravitational acceleration ∆g/g in the order of 10−10–
10−8 for a cycle time of the order of a few seconds; see
Fig. 3.
Model.—Consider ultracold two-level bosonic atoms
which are trapped in a quasi-one dimension along one
arm of a ring resonator by a tight confining potential.
This arm of the cavity makes angle θ with the horizontal
direction as depicted in Fig. 1, so that the atoms experi-
ence the linear gravitational potential Vg(x) = Mgx sin θ
along the cavity axis. Here M is the atomic mass, and
g is the gravitational acceleration. The atoms are trans-
versely driven by an off-resonant pump laser which in-
duces the transition between two relevant internal atomic
states with the Rabi frequency Ω0. The atomic transition
is also off-resonantly coupled to a pair of (initially empty)
degenerate, counterpropagating cavity modes aˆ±e±ikcx
with the coupling strength G0, where kc = 2pi/λc = ωc/c
is the wave number of the cavity mode.
After adiabatic elimination of the atomic excited state
and in the rotating frame of the pump laser, the system
is described by the many-body Hamiltonian
Hˆeff =
∫
ψˆ†(x)
[
− ~
2
2M
∂2
∂x2
+ VˆSR(x) + Vg(x)
]
ψˆ(x)dx
− ~∆c(aˆ†+aˆ+ + aˆ†−aˆ−), (1)
where
VˆSR(x) = U0
[
aˆ†+aˆ+ + aˆ
†
−aˆ− + (aˆ
†
+aˆ−e
−2ikcx + H.c.)
]
+ η0
(
aˆ+e
ikcx + aˆ−e−ikcx + H.c.
)
(2)
is the superradiant optical lattice resulting from the in-
terference among the pump laser and the cavity modes.
Here ψˆ(x) is the atomic annihilation field operator, and
we have introduced ∆c ≡ ωp − ωc, U0 ≡ ~G 20 /∆a, η0 ≡
~G0Ω0/∆a, where ∆a ≡ ωp−ωa is the detuning between
the pump-laser frequency ωp and the atomic transition
frequency ωa. The dynamic of the system is described by
the Heisenberg equations of motion for the atomic field
operator i~∂tψˆ = [ψˆ, Hˆeff ] and the photonic field opera-
tors i~∂taˆ± = [aˆ±, Hˆeff ] − i~κaˆ±, where κ is the cavity-
photon loss rate. In the thermodynamic limit, quantum
fluctuations are small and one can replace the field op-
erators with the corresponding mean-field averages [60]:
〈ψˆ(x, t)〉 = ψ(x, t) and 〈aˆ±(t)〉 = α±(t) = |α±(t)|eiφ±(t).
We numerically solve the corresponding coupled mean-
field equations using a self-consistent method [40].
Supersolid.—When the cavity is perfectly aligned along
the horizontal direction, θ = 0, then the gravitational
potential Vg(x) vanishes and the system possesses a con-
tinuous U(1) symmetry, corresponding to simultaneous
spatial translation x→ x+X and cavity-phase rotations
aˆ± → aˆ±e∓ikcX . Above the critical pump strength ηc the
system enters the superradiant phase, where the cavity
modes are occupied and the BEC density is modulated.
Although the amplitude of the two cavity modes in the
superradiant state are equal, |α+| = |α−| = |α|, their
relative phase φ ≡ (φ+ − φ−)/2 is fixed in an arbitrary
value between 0 and 2pi, spontaneously breaking the U(1)
symmetry of the system. Corresponding to the emer-
gent superradiant optical lattice 〈VˆSR(x)〉 = VSR(x) =
4U0|α|2 cos2(kcx + φ) + 4η0|α| cos(kcx + φ) cos(Φ), with
Φ ≡ (φ+ +φ−)/2 being the total phase, the BEC density
is modulated and forms a supersolid state.
The gapless Goldstone mode corresponding to the
spontaneously broken U(1) symmetry is the center-of-
mass motion of the BEC accompanied with a continu-
ous change of the relative phase φ and hence dragging
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FIG. 2. The time evolution of the relative phase of the two
cavity modes and the center-of-mass motion of the BEC. The
solid red line corresponds to the relative phase (left axis)
and the dashed red line corresponds to the center-of-mass
position of the condensate (right axis), obtained numerically
through the mean-field calculation. The inset shows the dif-
ference δφ between the numerical relative phase and the sim-
ple heuristic model of Eq. (4) with fitted ξ = 0.167ωr and
ζ = 0.007. The parameters are set to (∆c, κ) = (−8, 1)ωr
and (
√
Nη0, NU0,Mg sin θλc) = (20,−1, 10)~ωr, where ωr ≡
~k2c/2M is the recoil frequency.
of the optical potential VSR(x). As shown in Ref. [40],
the Goldstone mode is robust against photon losses and
does not acquire an imaginary part, indicating that the
Goldstone mode is not damped. In other words, the den-
sity modulated BEC can move without any friction along
the cavity axis dragging the superradiant optical lattice
VSR(x) with itself, explicitly exhibiting the supersolidity
of the system even in the presence of photon losses.
Gravimetry.—Let us now consider the general case of
θ 6= 0, where the atoms also feel the gravitational poten-
tial Vg(x). This potential explicitly breaks the U(1) sym-
metry of the system and destroys the supersolidity. As a
consequence, a friction force is introduced into the system
due to photon losses. Nevertheless, as the BEC acceler-
ates and reaches its terminal velocity due to the interplay
between the gravitational and friction forces, it still per-
fectly drags the cavity optical potential VSR(x) [61] with
itself displaying a supersolid-like behavior. This is a di-
rect consequence of the ring geometry of the cavity, where
the mirrors do not impose a static condition on locations
of nodes of radiation fields, in contrary to a linear cavity.
Therefore, the gravitational acceleration can be nonde-
structively measured via the relative phase of the cavity
output fields.
Fig. 2 depicts the time evolution of the BEC under the
free fall, θ = pi/2, obtained numerically from solving the
coupled mean-field equations for ψ and α±: the dashed
red line (right axis) shows the position of the center-of-
mass of the BEC and the solid red line (left axis) indi-
cates the time evolution of the relative phase φ. The BEC
initially accelerates downward due to the gravity, drag-
ging VSR(x) with itself and causing the relative phase to
change quadratically in time. As the time passes, the
condensate, however, experiences stronger friction force
and hence reaches its terminal velocity at times tωr & 1.
Subsequently, the relative phase also evolves linearly at
times tωr & 1, indicating that even in the presence of
the gravitational potential [i.e., the absence of a perfect
U(1) symmetry] and dissipations the cavity optical lat-
tice VSR(x) follows precisely the motion of the BEC.
We now attempt to obtain a simple heuristic model to
describe the time evolution of the system under the free
fall and estimate the gravitational acceleration. Assum-
ing the friction force is position independent and depends
linearly on the velocity, the time evolution of the relative
phase can be described by the following equation,
φ¨ = ζgkc − ξφ˙ (3)
with the solution
φ(t) = ζ
gkc
ξ2
(
e−ξt + ξt− 1)+ φ0. (4)
Here φ0 is the initial relative phase, ξ is the effective fric-
tion coefficient and depends on atomic and cavity param-
eters, most importantly on the photon decay rate κ [62],
and ζ is a unit-less free parameter. Both ξ and ζ can be
determined in an experiment via the calibration process
by finding first the final velocity of the condensate ζgkc/ξ
and then finding the characteristic time 1/ξ. This simple
model captures the time evolution of the relative phase
very well as illustrated in the inset of Fig. 2. Therefore,
Eq. (4) can be used to estimate the gravitational acceler-
ation with the sensitivity given by the error propagation
formula
∆g =
√
1
m
(∆φ)2
(∂gφ)
2 =
√
1
4nm
[
ζ
kc
ξ2
(e−ξt + ξt− 1)
]−2
,
(5)
where m is the number of measurement repetitions, n =
|α+|2+|α−|2 is the mean total number of photons, and we
have used the phase uncertainty of coherent states to esti-
mate the uncertainty of the relative phase ∆φ ≈ 1/2√n.
For short times the sensitivity ∆g scales quadratically
with time as opposed to typical linear scaling arising from
quantum coherence, for instance, in Ramsey interferom-
etry [63]. In the context of gravimetry, a quadratic de-
pendence of phase on time occurs for the commonly used
Mach-Zehnder configuration [64, 65] where the relative
phase between the matter waves is φMZ ∝ gT 2pi , with 2Tpi
being the total interrogation time [66, 67].
Another compelling feature of the sensitivity (5) is the
fact that in the superradiant regime the number of pho-
tons n is proportional to N2, where N is the number
of atoms in the BEC. Therefore, we retrieve the SU(2)
atomic Heisenberg scaling 1/N of the sensitivity [25]
4without explicit quantum entanglement among the atoms
and the cavity fields [68]. Note that the quantum entan-
glement between the BEC and cavity fields built-up on
the onset of the superradiance transition has been washed
out during the quantum collapse into a product state
with a well-defined relative phase and density pattern,
which we have used above [47].
Homodyne detection.—To put our considerations in a
more realistic context, we now focus on the homodyne
detection and calculate the Fisher information. The lat-
ter sets the lower bound on the sensitivity through the
Crame´r-Rao bound ∆g ≥ 1/√mF , where F is the Fisher
information defined as [69]
F =
∫
dq
1
p(q|g) [∂gp(q|g)]
2
, (6)
with p(q|g) being the probability of measuring an out-
come q given g while performing some measurement.
For brevity, we restrict ourselves to homodyne measure-
ment of combined quadrature Qˆ = (aˆe−iγ + aˆ†eiγ)/2,
where aˆ = aˆ− + aˆ+ and γ is the phase of the local
oscillator. Since during the time evolution the number
of photons in each mode is approximately constant and
equal (confirmed by our mean-field numerical results),
the homodyne signal thus reveals the relative phase:
〈Qˆ〉 ≈ √n cosφ cos(Φ− γ). Now, if we choose γ such
that Φ−γ = jpi with j ∈ N, the probability of measuring
q is then given by
p(q|g) =
√
2
pi
e−2(q−
√
n cosφ)2 , (7)
with φ = φ(t, g) given by Eq. (4). Inserting this proba-
bility into the expression for the Fisher information (6)
yields
F = 4n
[
ζ
kc
ξ2
(
e−ξt + ξt− 1) sinφ]2 , (8)
which for optimal points in time, i.e, φ(t) = (2j+1)pi with
j ∈ N, gives the Crame´r-Rao bound on the uncertainty
the same as in Eq. (5). Alternatively, instead of trying
to estimate the value of g from a fixed point, it is more
efficient to track the value of quadrature Qˆ in time and
fit its time dependence 〈Qˆ(t)〉 ≈ √n cosφ(t, g), retrieving
thus the sensitivity from Eq. (5).
Quantum Fisher information.—To free ourselves from
the measurement context, we calculate now the quantum
Fisher information which sets the ultimate bound for the
sensitivity [25]. For a pure state it can be calculated
via [70],
Fq = 4(∆hˆ)
2, (9)
where hˆ = i[∂gUˆ(g)]Uˆ
†(g) is the generator of infinitesi-
mal change along a trajectory parametrized by g. The
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FIG. 3. Relative sensitivity for state-of-the-art experimen-
tal parameters as a function of time. The red dashed curve
presents the sensitivity for a κ = 0 case (solely for the sake
of comparison), while the blue solid curve takes into account
the effective friction arising from the photon losses, κ = ωr.
The parameters of the simulation are set to N = 5 × 105,
n = 2.5 × 1011, g = 9.81 m s−2, kc = 2pi/780 nm−1,
ξ = 0.167ωr, and ζ = 0.007.
change of the cavity modes is effectively governed by
the phase-shifting operator Uˆ(φ) = exp[−iφ(nˆ+ − nˆ−)],
with φ given by Eq. (4) and nˆ± = aˆ
†
±aˆ±. This yields
hˆ = (kc/ξ
2)[exp(−ξt) + ξt](nˆ+ − nˆ−).
It is then straightforward to show that for coherent
states quantum Fisher information is
Fq = 4n
[
ζ
kc
ξ2
(
e−ξt + ξt− 1)]2 , (10)
which gives the Crame´r-Rao bound on the sensitivity
identical to Eq. (5). This should not come as a surprise
since all the information about the state is stored in the
relative phase (4). The improvement factor of 4 stems
from the fact that the considered parameter-estimation
scheme exploits single-mode states [71], in contrary to
SU(2) interferometry relying on the interference of two
modes, as, for example, in Mach-Zehnder interferome-
try [72].
Sensitivity.—Finally, in order to show the potential of
the supersolid-based gravimeter, we calculate the sensi-
tivity using state-of-the-art experimental parameters. To
this end, we take the parameters (number of atoms N
and atomic species) from recent BEC–ring-cavity experi-
ments [56, 58, 59]. The sensitivity of the supersolid-based
gravimeter containing 5×105 87Rb atoms is presented in
Fig. 3 as a solid blue curve. The sensitivity for the ideal
case of frictionless motion, i.e., κ = 0, is shown as a
dashed red curve for the sake of comparison.
Although the results presented in Fig. 3 have been
obtained under the assumption that all the photons in-
side the cavity are measured and thus are unlikely to be
achieved experimentally, they can still serve as a bench-
5mark to give a rough estimate of a realistic sensitivity.
Assuming we can extract only 10% of photons from the
cavity and the measurement interval is of the order of a
few seconds, the estimated relative sensitivity might be of
the order of 10−9, which is comparable with the state-of-
the-art gravimeters [21, 22, 73–75]. Moreover, taking into
account the possibility of enhancing the performance of
the proposed gravimeter, for example, by increasing the
number of atoms and photons or by tuning other experi-
mental parameters, the estimated per-root-Hertz relative
sensitivity might be of the order of 10−12Hz−1/2, which is
comparable with the theoretically predicted sensitivities
reported in Refs. [16, 17]. However, taking into consid-
eration systematic errors, especially arising from the fact
that Eq. (4) is heuristic (see the inset of Fig. 2), and
the fact that after the introduction of the gravitational
potential the superradiant optical lattice is slightly mod-
ified (nˆ+ ≈ nˆ−), the value of the estimated gravitational
acceleration might be biased and its uncertainty may in-
crease.
Conclusions.—We presented a novel approach for the
precise measurement of the gravitational acceleration, by
exploiting a supersolid-like state of a driven BEC inside
an optical ring cavity. We showed the relative sensitiv-
ity of such a gravimeter is in the order of 10−10–10−8
for an interrogation time of the order of a few seconds.
The high sensitivity of the presented gravimeter stems
from the superradiant and supersolid-like nature of the
system. Since the relative phase is not affected by pho-
ton and atom losses, our proposed interferometer should
be robust against these inexorable losses. In contrary
to typical proposals for quantum-enhanced metrology,
our interferometer does not rely on a fragile entangled
state, instead exploits a robust steady state, making it
to be more resilient and versatile [68]. Our proposed in-
terferometer is based on state-of-the-art experiments on
quantum-gas–cavity systems [48–59], and can be imple-
mented with only minimal changes to existing experi-
mental setups.
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7SUPPLEMENTAL MATERIAL
Here we present fully quantum-mechanical calculations of the ground state of the system, and we show the quantum
collapse to a state where the phases of light are correlated with the position of the BEC. Since the total Hilbert space
is a tensor product of Hilbert spaces which comprise it, the numerical calculations are not easy to handle. Here, the
position space consists of 64 points and the photonic cutoff is set to 10 for both modes of light; thus the dimension of
the total Hilbert space is 7744.
We also calculate the scaling of the number of photons with the number of atoms in the superradiant phase.
GROUND STATE OF THE HAMILTONIAN
The ground state of Hamiltonian (1) is calculated by its exact diagonalization, and it can be written as
|Ψ〉 =
∫
dx|x〉 ⊗ |αeixkc〉 ⊗ |αe−ixkc〉, (S1)
where α is the amplitude of the electromagnetic field, and it depends on the number of atoms N and the pump
strength η0. The ground state of the system with θ = 0 is presented in Fig. S1.
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FIG. S1. The ground state of the Hamiltonian (1) with θ = 0. The upper panel shows the Q function of the light modes, while
the lower panel shows the distribution of atoms along the cavity arm containing the BEC. Only one unit cell is showed.
8QUANTUM COLLAPSE
The quantum collapse (or the spontaneous symmetry breaking) of the state from Eq. (S1) is caused by decoherence
induced, for instance, by losses of photons inside the ring cavity. Here we perform an artificial collapse by projecting
the state from Eq. (S1) onto a coherent state. As a result, the state of the system is described by
|ψ〉 = |x〉 ⊗ |αeixkc〉 ⊗ |αe−ixkc〉. (S2)
The collapsed state is presented in Fig. S2.
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FIG. S2. The quantum collapse to a state with well defined phase correlated with the BEC position. The upper panel shows
the Q function of the light modes, while the lower panel shows the distribution of atoms along the cavity arm containing the
BEC (blue curve) and the optical potential (red curve). Only one unit cell is showed.
SUPERRADIANCE
The number of photons in the superradiant phase is determined by changing the number of atoms and self-
consistently finding the steady state of the system. The scaling of the number of photons with a fitted dependence
n = aN b is presented in Fig. S3.
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FIG. S3. Superradiant intensity. Red points correspond to numerically calculated number of photons, and the solid blue line
is the fit n = aNb with a = 1.21778 and b = 2.00849.
